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On April 26 – 27 2005, the RIT team brought their prototype Sinar 54M camera system to the 
National Gallery of Art’s Imaging Department. The team included Lawrence Taplin, Mitchell 
Rosen, and Roy Berns. RIT brought a spectroradiometer to measure the daylight fluorescent 
viewing illumination and if time allowed, NGA’s CRT display. They also brought a Macintosh 
G5 to control the camera and for image processing. NGA is using a production Sinar 54M. This 
enabled a direct comparison between NGA’s digital imaging workflow and the RIT workflow. 
Both cameras used the same lighting, Broncolor pulsed Xenon, lighting geometry, and 
photography studio. A set of test targets was imaged by each camera system. In addition, 
Matisse’s Pot of Geraniums, previously imaged by RIT using their 31-channel spectral camera,1-3 
was also imaged.  
The digital masters from each camera system were converted to an output profile for an 
Epson Ultrachrome inkjet printer. One-to-one prints were made for the Matisse painting and 
compared with the actual painting under the daylight fluorescent viewing environment. 
The RIT prototype camera and the print comparison were evaluated by NGA staff from the 
imaging, conservation, and finance departments. 
 
Workflows 
The NGA workflow is diagrammed in Figure 1. The camera software was used for digital flat 
fielding (applying the shading reference) and for white balance. This raw file was archived. A 
camera profile was assigned to the raw file and then converted to the ProPhoto RGB working 
color space. This image was also archived. Visual editing was performed by comparing the 
original as viewed under daylight fluorescent illumination with its rendering on an ICC-profiled 
CRT display. Sharpening was also performed. This edited file was the archived digital master and 
used for all subsequent applications. All the adjustments were stored as layers so that the visual 
editing was well documented and reversible. 
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Figure 1. NGA’s digital workflow. Areas in green are camera software processing. Areas in red are Adobe 
Photoshop software processing. 
 
The RIT workflow is diagrammed in Figure 2. Successive RGB images were captured 
through each of the two custom filters The camera software controlled the image capture and 
applied a correction for sensor non-uniformities. Each RGB image was actually captured in four 
shots; every pixel of the sensor is covered by a red, green or blue filter and the sensor is micro-
positioned four times to recover full color information at each pixel. (The same is true for the 
production Sinar as used by NGA.) Each four-shot image was reassembled into the usual non-
interpolated three-channel image using a suite of imaging processing routines written in Matlab. 
Next, the two three-channel images (one for each filter) were registered and digitally flat fielded 
using an image of a white-card taken in the same lighting setup. The resulting six-channel image 
was converted to a spectral image using a transformation based on a calibration test target with 
known spectral reflectance. A CIE standard observer and an illuminant were selected to render 
the image colorimetrically. Since this experiment included output, the CIE 1931 2° standard 
observer and CIE illuminant D50 were used. The spectral image was then transformed to a 16-bit 
CIELAB TIFF image, RIT’s digital master. The digital master was converted to the Epson’s 
output profile and a print produced. Visual editing was not part of this workflow. 
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Figure 2. RIT’s digital workflow. Areas in green are camera software processing. Areas in pink are RIT 
software processing. 
 
The RIT mathematical workflow was slightly different than previous experiments.4,5 Previously, 
the colorimetric transformation consisted of a nonlinear stage that accounted for stray light, 
differences in geometry between the reference spectrophotometer and camera system, and any 
nonlinearities in the camera signal processing. Experimentally, the transfer functions were always 










diag S( )xyz         (2) 
T!E00
= fNonLinOpt (RReference ,A,DReference ), where T!E00 minimizes !E00 (T!E00D, "A RReference )#$ %&
 (3)  
M!E
00
= A "A A( )#1T!E
00
+ I # A "A A( )#1 "A( )M pinv      (4)  
R̂!E00
=M!E00D
                (5) 
where n is the number of wavelengths, i is the number of camera channels, and j is the number of 
reference color patches. Matrix Mpinv is a [n × (i+1)] transformation matrix from digital counts to 
reflectance computed from RReference, a [n × j] matrix containing the calibration target reference 
spectrophotometric measurements ranging from zero to unity and DReference is an [(i+1) × j] 
camera digital count matrix with the last row set to unity (homogenous coordinates). The 
operation pinv represents the Moore-Penrose singular-value decomposition-based pseudoinverse 
function in Matlab. A is a [n × 3] matrix of tristimulus weights computed from S, a [n × 1] vector 
of the spectral power distribution of the reference light source, y , a [n × 1] vector of the 
reference luminance color matching function, and xyz , a [n × 3] matrix of the reference color 
matching functions. T!E
00
is a [3 × (i+1)] transformation matrix from digital counts to tristimulus 
values fit using nonlinear optimization described below. M!E
00
[n × (i+1)] is a transformation 
matrix from digital counts to reflectance computed from A, T!E
00
, I, an [n × n] identity matrix, 
and M!E
00
 . R̂!E00 is a [n × 1] vector of imaging-based estimated reflectances; it is simply the 
product of  M!E
00
and D, a [(i+1) × 1] vector of camera digital counts with the last element set to 
unity.  In Eq. (3), T!E
00
was optimized using a two stage process. First, nonlinear optimization was 
used to minimize the average ∆E00 to the reference tristimulus values using a starting value for 
T!E
00
 of !A RReference pinv(DReference ) . These optimized matrix coefficients were used as starting 
values for a second nonlinear constrained optimization that minimized 
(Mean(ΔE00)/Mean(ΔE00)Optimization 1+ max(ΔE00)/max(ΔE00) Optimization 1). Both optimizations were 
subject to the coefficients not changing more than ±50% of their starting values.  
 
Lighting 
The lighting geometry used at NGA was set up to accentuate surface topography. The Xenon 
strobes without reflectors or diffusers were at approximately a 70° angle from the surface normal 
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on either side of the artwork. One side had about twice the irradiance. This resulted in a quite 
collimated, raking illumination. NGA used a white foam core board to collect a flat field image. 
The Sinar software used this image to perform a digital flat fielding. In the RIT workflow, this 
image was also used for digital flat fielding.  
Upon return to RIT following these experiments, it was discovered that the foam core was 
slightly curved and scratched. This lack of spatial uniformity affected the transformation accuracy 
of the RIT workflow. Furthermore, the foam core appeared to have different reflectance 
properties in the long visible spectrum compared with shorter wavelengths. As a consequence two 
of the six channels of the RIT camera was over-exposed in part of the image. (This was not 
discovered at NGA because the modified Sinar capture software only previewed the first three 
channels. The over-exposure occurred for the fourth and fifth channels.) This is shown as false-
color images of the foam core for the six channels, Figure 3.  Channel four was nearly completely 
clipped as well as the right-hand side of channel five. Because of the over-exposure, the imaging 
of the test targets was repeated at RIT using a nearly identical lighting set up and a light gray 
uniform surface rather than the foam core for digital flat fielding. The painting could not be re-
imaged. In order to generate a digital master for the painting, the average digital values of 
channels 1 - 3 were used to create a digital flat fielding for all six channels. Normally, each 




Figure 3. MCSL-Sinar camera system false-color images of the foam core used for digital flat fielding. 
Areas in dark red correspond to clipped values. 
 
Test Target Evaluations 
Summary of Analysis and Results 
Three imaging systems were evaluated. The first was a spectral camera consisting of a Quantix 
area-array monochrome sensor coupled to a CRI liquid-crystal tunable filter. The lighting was 
diffuse tungsten halogen. This system was the first RIT camera developed for this research 
project. Details on its construction and performance have been previously described.1-3 This 
imaging occurred during December 2002. Two targets were used for calibration: the Gretag-
Macbeth ColorChecker DC and a custom target of blue acrylic paints mixed with titanium white 
including ultramarine and cobalt, This system will be abbreviated as the Quantix-LCTF system.  
The second system was the modified Sinar 54H, described in detail previously.4-7 The 
modification included replacing the long-visible NIR blocking filter on the CCD with clear glass, 
a two-filter slider with custom filters, new Sinar controlling software, and extensive image 
processing software written in the Matlab software environment. Various targets were used for 
calibration. This system will be abbreviated as the MCSL-Sinar system. 
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The third system was a production Sinar 54H used routinely at NGA. The Gretag-Macbeth 
ColorChecker SG was used as the calibration target. This system will be abbreviated as the NGA-
Sinar system. 
Table I lists the targets used in this analysis. Images of these targets are shown in Figure 4. 
 
Table I. Test targets used for calibration and verification. 
Target Abbreviation Number of Samples 
GretagMacbeth 
ColorChecker 













Colors mixed with 
titanium white 
Gamblin 63 
Blue acrylic Liquitex 










Figure 4. Test targets used for calibration and verification. Top left: ColorCheckerDC;top right: 
ColorChecker; bottom: Blues Pigments and Gamblin Conservation Colors. 
 
The colorimetric performance of the three systems is shown in Table II. Both ∆E00 and ∆E*ab 
are shown, the former metric having better correlation with subjective evaluations of adjacent 
uniform color fields8 and the latter having better correlation with images.9 The average and 90th 
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percentile rows are highlighted in light green. These are the most important summary statistics. 
These data for the three systems are plotted in Figures 5 and 6. The Best Case corresponds to the 
MCSL-Sinar system where a target was used for calibration and verification. This provides a 
sense of the best that can be achieved using the MCSL-Sinar system and a linear signal 
processing workflow. The small differences in performance between the Best Case and MCSL-
Sinar indicate that the choice of calibration target is important. Research is still required to 
develop an improved calibration target for imaging paintings.  
The color management at NGA was very good. The listed results are typical of a well color-
managed area-array color sensor camera system. The modifications to the Sinar camera resulted 
in marked improvement, particularly for the Gamblin target that consisted of typical artist 
pigments used in paintings. 
On average, the MCSL-Sinar system had slightly superior colorimetric performance to the 
Quantix-LCTF system. This is an important result: A six-channel camera had the average 
colorimetric accuracy of a 31-channel camera. The maximum and 90th percentile errors for the 
Quantix-LCTF system were smaller for the Blue Pigments and Gamblin Conservation Colors 
targets. The improved average colorimetric performance was a result of the more complex signal 
processing combining colorimetric and spectral optimization. The colorimetric optimization used 
nonlinear optimization since color differences are nonlinearly related to incident radiation. This 
nonlinear optimization was impractical for the Quantix-LCTF since 250,000 independent data 
points were used to estimate 1,116 coefficients (31 x 36 matrix). The Quantix-LCTF calibration 
only optimized spectral estimation accuracy.  
The spectral performance of the Quantix-LCTF and MCSL-Sinar systems are listed in Table 
III and plotted in Figure 7. “MI” is an abbreviation for metameric index. This index is a ∆E00 
value for CIE Illuminant A following a slight spectral adjustment10 such that for CIE Illuminant 
D65, the colorimetric data are identical, that is a ∆E00 of zero. “sRMS” is an abbreviation for 
spectral root-mean-square error over the wavelength range of 380-730 nm. The Quantix-LCTF 
system had higher spectral accuracy than the MCSL-Sinar system. This was the expected result 
since it was a true spectral device whereas the MCSL-Sinar was an abridged device. What was 
unexpected was that the performance of the MCSL-Sinar system was so close to the Quantix-
LCTF system. Furthermore, the Best Case results exceeded those of the Quantix-LCTF system. 
To be fair, it needs to be pointed out that much more effort had been put into development of the 
MCSL-Sinar system. Once we achieved an acceptable result for the spectral camera, we began 
looking at more practical approaches. It is likely that if we had selected the Quantix-LCTF system 




Figure 5. The average colorimetric performance of each imaging system for each listed target. 
 
 








Table II. Colorimetric performance summary for the three camera systems and a best-case computation 













 Best Case Quantix-LCTF MCSL-Sinar NGA-Sinar 
 ∆E00 ∆E*ab ∆E00 ∆E*ab ∆E00 ∆E*ab ∆E00 ∆E*ab 
ColorChecker DC 
Average 0.7 1.2 1.0 1.5 0.8 1.2 2.7 4.2 
Maximum 5.3 15.2 5.4 6.7 4.1 13.8 10.1 33.1 
Std. Dev. 0.6 1.4 0.8 1.3 0.5 1.3 1.3 3.1 
90Prctile 1.3 2.3 2.2 3.1 1.3 2.3 4.2 7.4 
ColorChecker 
Average 0.8 1.3 1.4 2.1 1.1 1.8 2.0 3.3 
Maximum 2.2 4.9 4.8 7.8 2.4 5.5 5.0 8.1 
Std. Dev. 0.6 1.2 0.9 1.4 0.6 1.3 1.2 2.2 
90Prctile 1.5 3.0 2.6 3.1 1.9 3.6 3.6 7.3 
Blue Pigments 
Average 0.6 1.1 1.4 2.1 1.3 2.6 4.0 6.8 
Maximum 1.7 4.3 4.4 6.1 4.3 7.5 7.0 14.0 
Std. Dev. 0.4 0.9 1.0 1.5 1.1 1.8 1.5 2.5 
90Prctile 1.3 2.2 2.9 4.8 3.1 5.4 6.0 9.8 
Gamblin Pigments 
Average 0.8 1.4 1.7 2.9 1.1 1.9 2.9 5.1 
Maximum 2.6 4.6 6.9 11.9 2.3 4.9 6.4 14.1 
Std. Dev. 0.4 0.9 1.2 2.3 0.4 1.1 1.4 3.0 




Table III. Spectral performance for the two RIT systems and a best-case computation where the same target 





ColorChecker DC and 
Blues Calibration 
ColorChecker DC and 
Blues Calibration 









Average 0.4 1.3% 0.3 1.2% 0.4 1.4% 
Maximum 3.8 3.9% 3.0 9.4% 3.1 3.8% 
Std. Dev. 0.4 0.6% 0.4 0.8% 0.5 0.7% 
90Prctile 0.9 2.2% 0.9 1.9% 0.8 2.2% 
ColorChecker 
Average 0.4 1.3% 0.2 1.5% 0.6 2.2% 
Maximum 1.6 2.9% 0.7 3.6% 1.6 4.1% 
Std. Dev. 0.4 0.6% 0.2 0.7% 0.5 0.9% 
90Prctile 0.8 2.1% 0.5 2.6% 1.4 3.4% 
Blue Pigments 
Average 0.2 1.0% 0.3 1.4% 0.3 1.8% 
Maximum 0.7 2.2% 1.2 3.1% 1.0 3.4% 
Std. Dev. 0.2 0.5% 0.3 0.6% 0.3 0.7% 
90Prctile 0.5 1.7% 0.8 2.2% 0.8 2.8% 
Gamblin Pigments 
Average 0.3 1.7% 0.3 2.0% 0.3 2.4% 
Maximum 1.4 3.5% 1.1 5.3% 1.4 5.5% 
Std. Dev. 0.3 0.8% 0.3 1.0% 0.3 1.3% 
90Prctile 0.5 2.8% 0.8 3.3% 0.6 4.2% 
 
Statistical Data Tables 
The following tables list the performance of each camera system. For the colorimetric results, 
all calculations were carried out for the CIE 1931 Standard Observer and CIE Illuminant D50. 
For the MCSL-Sinar system, there are tables for each target as the calibration target. For the 
Quantix-LCTF system, only the ColorChecker DC and Blue Pigments targets were used for 
calibration. For the NGA-Sinar system, a ColorChecker SG was used for calibration. This target 
was not evaluated directly in these tests. However the ColorChecker SG includes a traditional, 
though smaller, ColorChecker. It is likely that the results for the ColorChecker are indicative of 




Table IV. Summary statistics for the NGA-Sinar system for each listed target. The GretagMacbeth 
ColorChecker SG was used for calibration.  
Statistic ∆E00 ∆E*ab 
ColorChecker DC 
Average 2.7 4.2 
Maximum 10.1 33.1 
Std. Dev. 1.3 3.1 
90Prctile 4.2 7.4 
ColorChecker 
Average 2.0 3.3 
Maximum 5.0 8.1 
Std. Dev. 1.2 2.2 
90Prctile 3.6 7.3 
Blue Pigments 
Average 4.0 6.8 
Maximum 7.0 14.0 
Std. Dev. 1.5 2.5 
90Prctile 6.0 9.8 
Gamblin Pigments 
Average 2.9 5.1 
Maximum 6.4 14.1 
Std. Dev. 1.4 3.0 
90Prctile 4.9 8.5 
 
Table V. Summary statistics for the Quantix-LCTF system for each listed target. The GretagMacbeth 
ColorChecker DC and Blues Pigments targets were used for calibration.  




Average 1.0 1.5 0.3 1.2% 
Maximum 5.4 6.7 3.0 9.4% 
Std. Dev. 0.8 1.3 0.4 0.8% 
90Prctile 2.2 3.1 0.9 1.9% 
ColorChecker 
Average 1.4 2.1 0.2 1.5% 
Maximum 4.8 7.8 0.7 3.6% 
Std. Dev. 0.9 1.4 0.2 0.7% 
90Prctile 2.6 3.1 0.5 2.6% 
Blue Pigments 
Average 1.4 2.1 0.3 1.4% 
Maximum 4.4 6.1 1.2 3.1% 
Std. Dev. 1.0 1.5 0.3 0.6% 
90Prctile 2.9 4.8 0.8 2.2% 
Gamblin Pigments 
Average 1.7 2.9 0.3 2.0% 
Maximum 6.9 11.9 1.1 5.3% 
Std. Dev. 1.2 2.3 0.3 1.0% 
90Prctile 2.9 5.7 0.8 3.3% 
15 
Table VI. Summary statistics for the MCSL-Sinar system for each listed target. The GretagMacbeth 
ColorChecker DC was used for calibration. 
Statistic ∆E00 ∆E*ab MI  sRMS 
ColorChecker DC 
Average 0.7 1.2 0.4 1.3% 
Maximum 5.3 15.2 3.8 3.9% 
Std. Dev. 0.6 1.4 0.4 0.6% 
90Prctile 1.3 2.3 0.9 2.2% 
ColorChecker 
Average 1.1 1.9 0.5 2.0% 
Maximum 2.4 5.3 1.5 5.1% 
Std. Dev. 0.6 1.2 0.4 1.0% 
90Prctile 1.9 3.6 1.2 3.2% 
Blue Pigments 
Average 2.0 3.7 0.7 2.9% 
Maximum 5.4 9.2 2.9 8.7% 
Std. Dev. 1.4 2.3 0.6 2.1% 
90Prctile 4.2 7.4 1.5 6.8% 
Gamblin Pigments 
Average 1.1 2.1 0.4 2.6% 
Maximum 2.4 6.4 2.1 8.3% 
Std. Dev. 0.5 1.4 0.4 1.7% 
90Prctile 1.8 3.9 0.8 4.5% 
 
Table VII. Summary statistics for the MCSL-Sinar system for each listed target. The GretagMacbeth 
ColorChecker was used for calibration.  
Statistic ∆E00 ∆E*ab MI  sRMS 
ColorChecker DC 
Average 1.0 1.5 0.7 2.3% 
Maximum 5.2 14.9 4.1 6.4% 
Std. Dev. 0.6 1.2 0.7 1.3% 
90Prctile 1.6 2.4 1.4 4.3% 
ColorChecker 
Average 0.8 1.3 0.4 1.3% 
Maximum 2.2 4.9 1.6 2.9% 
Std. Dev. 0.6 1.2 0.4 0.6% 
90Prctile 1.5 3.0 0.8 2.1% 
Blue Pigments 
Average 1.6 2.9 0.5 3.1% 
Maximum 4.5 8.4 1.2 7.4% 
Std. Dev. 1.2 1.9 0.3 1.7% 
90Prctile 3.5 5.1 1.0 5.9% 
Gamblin Pigments 
Average 1.2 2.1 0.6 3.1% 
Maximum 2.9 5.5 2.2 6.4% 
Std. Dev. 0.5 1.2 0.5 1.6% 
90Prctile 1.9 3.7 1.4 5.5% 
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Table VIII. Summary statistics for the MCSL-Sinar system for each listed target. The GretagMacbeth 
ColorChecker DC and Blues Pigments targets were used for calibration.  
Statistic ∆E00 ∆E*ab MI  sRMS 
ColorChecker DC 
Average 0.8 1.2 0.4 1.4% 
Maximum 4.1 13.8 3.1 3.8% 
Std. Dev. 0.5 1.3 0.5 0.7% 
90Prctile 1.3 2.3 0.8 2.2% 
ColorChecker 
Average 1.1 1.8 0.6 2.2% 
Maximum 2.4 5.5 1.6 4.1% 
Std. Dev. 0.6 1.3 0.5 0.9% 
90Prctile 1.9 3.6 1.4 3.4% 
Blue Pigments 
Average 1.3 2.6 0.3 1.8% 
Maximum 4.3 7.5 1.0 3.4% 
Std. Dev. 1.1 1.8 0.3 0.7% 
90Prctile 3.1 5.4 0.8 2.8% 
Gamblin Pigments 
Average 1.1 1.9 0.3 2.4% 
Maximum 2.3 4.9 1.4 5.5% 
Std. Dev. 0.4 1.1 0.3 1.3% 
90Prctile 1.6 3.5 0.6 4.2% 
 
Table IX. Summary statistics for the MCSL-Sinar system for each listed target. The Gamblin Conservation 
Colors target was used for calibration.  
Statistic ∆E00 ∆E*ab MI) sRMS 
ColorChecker DC 
Average 1.1 1.6 0.4 2.0% 
Maximum 5.9 10.7 3.4 6.0% 
Std. Dev. 0.6 1.2 0.5 1.0% 
90Prctile 1.8 2.7 1.0 3.4% 
ColorChecker 
Average 1.2 1.8 0.6 2.4% 
Maximum 2.8 5.2 1.8 4.6% 
Std. Dev. 0.7 1.1 0.5 0.8% 
90Prctile 2.6 3.2 1.6 3.4% 
Blue Pigments 
Average 1.8 3.0 0.3 2.2% 
Maximum 5.9 10.9 1.2 3.7% 
Std. Dev. 1.6 2.8 0.3 0.8% 
90Prctile 4.5 7.6 0.7 3.4% 
Gamblin Pigments 
Average 0.8 1.4 0.3 1.7% 
Maximum 2.6 4.6 1.4 3.5% 
Std. Dev. 0.4 0.9 0.3 0.8% 
90Prctile 1.3 2.8 0.5 2.8% 
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Table X. Summary statistics for the MCSL-Sinar system for each listed target. The Blues Pigments target 
was used for calibration.  
Statistic ∆E00 ∆E*ab MI  sRMS 
ColorChecker DC 
Average 2.6 4.3 0.6 4.1% 
Maximum 17.2 39.6 3.7 16.9% 
Std. Dev. 2.0 4.6 0.6 3.4% 
90Prctile 5.1 9.4 1.3 9.3% 
ColorChecker 
Average 2.3 4.2 0.7 4.4% 
Maximum 8.4 15.2 1.2 11.0% 
Std. Dev. 2.0 4.1 0.4 2.9% 
90Prctile 5.5 11.0 1.2 9.9% 
Blue Pigments 
Average 0.6 1.1 0.2 1.0% 
Maximum 1.7 4.3 0.7 2.2% 
Std. Dev. 0.4 0.9 0.2 0.5% 
90Prctile 1.3 2.2 0.5 1.7% 
Gamblin Pigments 
Average 2.5 4.6 0.4 4.7% 
Maximum 12.5 25.0 1.7 16.2% 
Std. Dev. 2.7 5.4 0.4 3.8% 
90Prctile 6.4 14.1 0.9 11.2% 
 
Gretag Macbeth ColorChecker Color Rendition Chart 
Performance Plots 
The following figures compare the accuracy performance of each system’s measurement of 
the ColorChecker, a common target in the imaging industry to judge color performance.  
The colorimetric differences between the measured spectral data and the digital-masters are 
plotted in Figure 8. The left-hand plots are a*b* plots, showing chromatic differences. The ends 
of each arrow are the spectrophotometric-based values. The arrowheads are data extracted from 
the digital master. These arrows can be thought of as vectors. Vectors pointing away or towards 
the origin describe differences in chroma while changes in other directions describe differences in 
hue. The right-hand plots are L*C*ab plots, showing lightness and chroma for the same 
measurement data. Vectors pointing up or down describe differences in lightness while vectors 
moving from right to left or vice versa describe differences in chroma. Since the goal of the 
imaging was to create color-accurate image files, these difference vectors, in fact, are error 
vectors (based on the reasonable assumption that the spectrophotometer measurements were 
accurate). Ideally, only the arrowhead should be visible. All three systems had reasonable 
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accuracy. For the NGA system, there was a small amount of lightness compression and some 
chroma reduction for the yellow patch. For the Quantix-LCTF system, the purple patch was 
darker and more chromatic. 
Figure 9 is a plot of the histogram of the total color difference calculation, ∆E00. The goal was 
to have a small distribution centered at a value near or below unity. This was only achieved for 
the MCSL-Sinar system.  
The two RIT systems have spectral capabilities. The measured and estimated spectra for the 
ColorChecker are plotted in Figure 10. For the chromatic patches, both systems had reasonable 
performance. For the neutrals, the MCSL-Sinar system had excessive spectral undulation. This is 
a common result for such an abridged spectrometer. Improving spectral performance for neutrals 
will be addressed in the future. Figure 11 provides an alternative approach to evaluating spectral 
error. The average spectral difference as a function of wavelength is plotted as the blue solid line. 
The Quantix-LCTF system had a nearly flat curve quite close to zero, the desired result whereas 
the MCSL-Sinar system had a strong undulation. At every wavelength, a scatter plot could be 
made comparing the spectrophotometer and camera system and a line fit to these data. A 
correlation coefficient of the line fit would indicate the amount of scatter. In order to have a 
number with similar magnitude to the spectral differences, the correlation coefficient, ranging 
between zero and unity, was subtracted from unity. Perfect correlation would yield zero. For both 
systems, large scatter occurred for short wavelengths. This was largely caused by the calibration 
targets using titanium dioxide white. It had very low reflectance in this wavelength range and the 
spectral variation of the target patches was very small. This resulted in large uncertainty when 
estimating these wavelengths using each camera system. A second reason concerned the low 






Figure 8. Error vectors for each listed camera system. Arrowhead represents the digital master while the 







Figure 9. Colorimetric histograms for each listed camera system. Arrowhead represents the digital master 





Figure 10. Spectral comparison between reference spectrophotometer (red) and imaging system (blue). 





Figure 11. Spectral comparison between reference spectrophotometer  and imaging system . Red dashed 
line represents unity minus correlation coefficient. Blue line represents the average difference Top:  MCSL-
Sinar; Bottom: Quantix-LCTF.
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Gamblin Conservation Colors Target Performance Plots 
The following figures compare the accuracy performance of each system’s measurement of 
the Gamblin target. This is an important target since it is composed of artist pigments.  
The colorimetric error vectors, plotted in Figure 12, reveal a systematic error in the NGA-
Sinar system for yellows, reds, and blues with long-wavelength reflectance tails such as cobalt 
and ultramarine. Modifying the Sinar system eliminated these systematic errors. The Quantix-
LCTF system showed systematic errors for dioxazine purple and cobalt violet. These errors are 
also revealed in the color-difference histograms, Figure 13. For the NGA-Sinar and Quantix-
LCTF systems, the histograms have tails towards large color differences. For the MCSL-Sinar 
system, the distribution was well centered about 1∆E00. The spectral fits for both RIT systems 
were good. For this target, the excessive spectral undulation was much smaller for the neutral 
patches. It seems that the spectral estimation accuracy for neutrals was very sensitive to small 
changes in digital values. Similar to the results for the ColorChecker, there was large uncertainty 
at short wavelengths as well as greater undulation for the MCSL-Sinar system in comparison to 







Figure 12. Error vectors for each listed camera system. Arrowhead represents the digital master while the 







Figure 13. Colorimetric histograms for each listed camera system. Arrowhead represents the digital master 





Figure 14. Spectral comparison between reference spectrophotometer (red) and imaging system (blue). 





Figure 15. Spectral comparison between reference spectrophotometer  and imaging system . Red dashed 
line represents unity minus correlation coefficient. Blue line represents the average difference Top:  MCSL-
Sinar; Bottom: Quantix-LCTF.
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Figure 16. Error vectors for each listed camera system. Arrowhead represents the digital master while the 







Figure 17. Colorimetric histograms for each listed camera system. Arrowhead represents the digital master 




Figure 18. Spectral comparison between reference spectrophotometer (red) and imaging system (blue) for 
the MCSL-Sinar system. . 
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Figure 20. Spectral comparison between reference spectrophotometer  and imaging system . Red dashed 
line represents unity minus correlation coefficient. Blue line represents the average difference Top:  MCSL-
Sinar; Bottom: Quantix-LCTF.
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Figure 21. Error vectors for each listed camera system. Arrowhead represents the digital master while the 







Figure 22. Colorimetric histograms for each listed camera system. Arrowhead represents the digital master 






Figure 23. Spectral comparison between reference spectrophotometer (red) and imaging system (blue). 






Figure 24. Spectral comparison between reference spectrophotometer  and imaging system . Red dashed 




Henri Mattise’s Pot of Geraniums 
During the December, 2002 visit, three paintings were imaged using the Quantix-LCTF 
system:  Alvise Vivarini, Saint Jerome Reading; Alexej von Jawlensky, Murnau; and Henri 
Matisse, Pot of Geraniums; all among the permanent collection of NGA.  The Matisse proved to 
be the most challenging.1-3 It had the widest range of pigments and spectral properties. This 
painting was again imaged during the April visit. Furthermore, because of its modest size, full-
size prints could be made and compared with the original painting. An image of the painting 
captured with the NGA-Sinar system is shown in Figure 25. A “mini-Checker” was included to 
facilitate several of the NGA workflow color correction processes such as white balance.  
 
 
Figure 25. Henri Matisse, Pot of Geraniums. Image captured using the NGA-Sinar system. Note that this 
image has been compressed and reduced in resolution for this technical report. 
 
Both RIT systems were used to generate 16-bit TIFF CIELAB digital masters. As previously 
described, the MCSL-Sinar system’s fourth channel was over-exposed when the foam core was 
imaged. A false-color image of each channel of the painting is plotted in Figure 26. Fortunately 
only the white patch of one of the verification targets was clipped for this channel. Thus, it was 
possible to evaluate the painting using the MCSL-Sinar system. Preliminary evaluations were 
performed where each test target was used to derive the calibration transformation converting 
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camera signals to spectral reflectance factor and CIELAB. As described above, the results are 
affected by the choice of calibration target. Not surprising, the Gamblin target was the most 
successful. There were two reasons. First, the spectral properties of this target span the spectral 
properties of the paintings. Second, this target was painted on canvas board, resulting in similar 
surface characteristics to the painting. Because the NGA lighting was so directional, having 
similar surface properties between the calibration target and the painting helped improve spectral 
and colorimetric accuracy. This second reason was more important than the first, as evidenced by 




Figure 26. MCSL-Sinar camera system false-color images of the Matisse painting. Areas in dark red 
correspond to clipped values. 
 
Two images were evaluated from the NGA-Sinar system: the ICC color-managed TIFF file 
and the final digital master. This digital master included visual editing to improve the color 
accuracy of the color-managed file. The color matching was performed between the painting 
illuminated by fluorescent daylight and a color-managed computer display. 
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Summary of Results 
The colorimetric accuracy of the three digital masters and the color-managed NGA-Sinar 
system image is summarized in Table XI and Figures 27 and 28. The Quantix-LCTF system had 
the best colorimetric performance, likely a result of using more diffuse illumination, tungsten 
halogen with Chimera diffusers. This underscores how lighting for aesthetic purposes, as done in 
the April 2005 session, may not result in optimal images for scientific purposes, as done in the 
December 2002 session. The MCSL-Sinar system had slightly lower accuracy than the Quantix-
LCTF system. Given the aesthetic-oriented lighting and problems with the digital flat fielding, 
this was an excellent result. The color-managed NGA-Sinar system image had reasonable 
performance given its intrinsic limitations as a three-channel RGB device. The most surprising 
result was that the visual editing decreased accuracy dramatically. Average ∆E00 increased by 
over 50%. For this test, the ICC color management was superior to the addition of visual editing. 
Some of the possible reasons for the increased error were a poorly color-managed display, 
unmatched white points and resulting chromatic adaptation differences between the viewing 
illuminant and display, differences in image size, and observer metamerism. The color changes 
were reductions in chroma and lightness. 
 
Figure 27. Average ∆E00 colorimetric error for each listed imaging system. Blue: the MCSL-Sinar system; 
red: the Quantix-LCTF system; yellow: the color-managed NGA-Sinar system; green: the digital master 
(following visual editing) NGA-Sinar system. 
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Figure 28. 90th percentila ∆E00 colorimetric error for each listed imaging system. Blue: the MCSL-Sinar 
system; red: the Quantix-LCTF system; yellow: the color-managed NGA-Sinar system; green: the digital 
master (following visual editing) NGA-Sinar system. 
 
The spectral performance is plotted in Figure 29- and shown in Table XII. The Quantix-
LCTF system has slightly better performance than the MCSL-Sinar system. 
 




Table XI. Colorimetric performance summary for the three camera systems. 
  
ColorChecker 





















 ∆E00 ∆E*ab ∆E00 ∆E*ab ∆E00 ∆E*ab ∆E00 ∆E*ab 
Average 2.3 3.3 2.7 3.7 3.5 4.8 5.8 7.4 
Maximum 9.6 12.4 11.7 14.3 12.2 14.2 13.0 16.1 
Std. Dev. 1.9 2.4 2.2 2.8 2.2 2.9 2.1 3.0 
90Prctile 4.3 6.0 4.6 7.5 6.4 9.3 8.6 10.9 
 
Table XII. Spectral performance summary for the two RIT camera systems. 
  
ColorChecker DC and Blues 
Calibration 
Gamblin Conservation Colors 
Calibration 
  Quantix-LCTF Digital Master MCSL-Sinar Digital Master 
 MI (D65A) sRMS MI (D65A) sRMS 
Average 0.3 0.0 0.6 0.0 
Maximum 2.2 0.1 1.7 0.1 
Std. Dev. 0.4 0.0 0.4 0.0 




Detailed Analysis Plots 
 
 Figure 30. Error vectors for each listed camera system. Arrowhead represents the digital master while the 






Figure 31. Error vectors for each listed camera system. Arrowhead represents the digital master while the 





Figure 32. Colorimetric histograms for each listed camera system. Arrowhead represents the digital master 






Figure 33. Spectral comparison between reference spectrophotometer (red) and imaging system (blue). 






Figure 34. Spectral comparison between reference spectrophotometer  and imaging system . Red dashed 
line represents unity minus correlation coefficient. Blue line represents the average difference Top:  MCSL-
Sinar; Bottom: Quantix-LCTF. 
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National Gallery of Art Visual Editing Procedure 
The following are screen shots of the various visual editing procedures employed to improve 
















Demonstration of MCSL-Sinar System 
On the afternoon of April 27, staff from the imaging, conservation, and finance departments 
came to the photography studio to observe the MCSL-Sinar system in action and to evaluate 
prints produced using a color-managed Epson inkjet printer. In addition to the Matisse painting, a 
Cezanne painting undergoing conservation treatment was also imaged and prints made. The prints 
were not analyzed for colorimetric accuracy. Based on visual observation, the consensus was that 
the MCSL-Sinar system produced closer matching prints to the paintings than the NGA-Sinar 
system. This was consistent with the analyses of the two systems’ digital masters.  
 




Figure 36. Visual critique and discussions. 
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Conclusions 
A production high-end digital camera was modified successfully to both improve its color 
accuracy and create a spectral image. The modifications included both hardware and software. 
The spectral accuracy was similar to a true spectral imager sampling the visible spectrum in 10 
nm increments. This system, the MCSL-Sinar system, operates using a high-level programming 
environment, Matlab. Its proper operation requires extensive computer science, imaging science, 
and color science expertise. Future research should be aimed at developing software that is 
automated and “photographer friendly.” The performance was limited to some extent by the 
choice of calibration target. This is unavoidable with this type of system that is an abridged 
spectral device. Another area for future research would be calibration target design for imaging 
paintings and a general procedure for developing targets for specific types of cultural heritage.  
The MCSL-Sinar system was compared with a color-managed production Sinar system 
currently in use at the National Gallery of Art. The MCSL-Sinar system had superior 
performance. One of its chief advantages is the elimination of visual editing from the imaging 
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